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Understanding intrasalt structure may elucidate the fundamental kinematics and, ultimately, the me-
chanics of diapir growth. However, there have been relatively few studies of the internal structure of salt
diapirs outside the mining industry because their cores are only partly exposed in the ﬁeld and poorly
imaged on seismic reﬂection data. This study uses 3D seismic reﬂection and borehole data from the S~ao
Paulo Plateau, Santos Basin, offshore Brazil to document the variability in intrasalt structural style in
natural salt diapirs. We document a range of intrasalt structures that record: (i) initial diapir rise; (ii) rise
of lower mobile halite through an arched and thinned roof of denser, layered evaporites, and
emplacement of an intrasalt sheet or canopy; (iii) formation of synclinal ﬂaps kinematically linked to
emplacement of the intrasalt allochthonous bodies; and (iv) diapir squeezing. Most salt walls contain
simple internal anticlines. Only a few salt walls contain allochthonous bodies and breakout-related ﬂaps.
The latter occur in an area having a density inversion within the autochthonous salt layer, such that
upper, anhydrite-rich, layered evaporites are denser than lower, more halite-rich evaporites. We thus
interpret that most diapirs rose through simple fold ampliﬁcation of internal salt stratigraphy but that
locally, where a density inversion existed in the autochthonous salt, RayleigheTaylor overturn within the
growing diapir resulted in the ascent of less dense evaporites into the diapir crest by breaching of the
internal anticline. This resulted in the formation of steep salt-ascension zones or feeders and the
emplacement of high-level intrasalt allocthonous sheets underlain by breakout-related ﬂaps. Although
regional shortening undoubtedly occurred on the S~ao Paulo Plateau during the Late Cretaceous, we
suggest this was only partly responsible for the complex intrasalt deformation. We suggest that,
although based on the Santos Basin, our kinematic model may be more generally applicable to other
salt-bearing sedimentary basins.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
A salt diapir is a mass of salt that has ﬂowed in a ductile manner
and has discordant contacts with its overburden (Fig. 1) (Hudec and
Jackson, 2011). Salt stocks (having a plan-form axial ratio <2) and
walls (plan-form axial ratio >2) are the most common types of salt
diapir; they form the fundamental building blocks of many salt-
bearing sedimentary basins. Although the controls on thesearch Group (BRG), Depart-
ollege, Prince Consort Road,
ackson).
Ltd. This is an open access articleexternal morphology of natural salt diapirs are relatively well-
documented and understood (e.g. Jackson and Talbot, 1986, 1991;
Vendeville and Jackson, 1992; Koyi, 1998; Davison et al., 2000;
Hudec and Jackson, 2007, 2011; Stewart, 2007), considerably less
is known about their internal structure and kinematics for four key
reasons: (i) well-exposed, natural salt diapirs are rare because
halite, a key component of many salt structures, is highly soluble
and dissolves, whereas anhydrite, upon contact with water, con-
verts to gypsum, leaving a karstic soil or crust that masks the di-
apir's internal structure (Jackson et al., 1990; Bruthans et al., 2009);
(ii) the internal structure of exposed diapirs can be strongly
deformed by gravity spreading of salt extruding at the Earth's
surface (Talbot and Jackson, 1987; Talbot, 1998; Talbot and Aftabi,
2004); (iii) even where diapirs are well exposed at the Earth'sunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Examples of intrasalt structures. (A) Natural diapir exposed in the Great Kavir, Iran (Jackson et al., 1990). The intrasalt stratigraphy here is similar to that in the Santos Basin,
with massive halite-dominated sequences being overlain by impure, interlayered evaporites (see Fig. 4). (B) Intrasalt structure revealed by mining of a natural diapir (H€anigsen-
Wathlingen salt dome, Germany) (modiﬁed from Schachl, 1987). Much of the intrasalt structure is inferred from limited three-dimensional coverage provided by galleries and
boreholes. (C) Physical model of intrasalt structure in salt rollers formed by thin-skinned extension (modiﬁed from Brun and Mauduit, 2009). The strain markers were initially
vertical rather then horizontal so do not track bedding strain. However, these markers clearly reveal intrasalt vorticity. (D) Physical model of intrasalt structure formed in a simple
salt stock (Escher and Kuenen, 1929). Note extreme thickness changes in incompetent units (blue shading) caused by enhanced migration of material from these more mobile layers
from the source layer into the diapir. (E) Physical model of intrasalt structure in a density-neutral salt analogue inside a salt stock (modiﬁed from Jackson and Talbot, 1989). (F)
Physical model of a relatively simple internal (i.e. intrasalt) anticline formed at the end of a salt wall in a density-inverted salt analogue. A1-4 are analogues for the similarly named
intrasalt units referred to in the text. D ¼ relatively low density, ductile layers; B ¼ relatively dense, brittle layers. See Dooley et al. (2015b) for full details.
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dimensional (Fig. 1A) (Jackson et al., 1990); and (iv) thick salt is
typically acoustically transparent on seismic reﬂection data, and
internal stratigraphic markers that record strain are typically
poorly imaged. However, there are notable exceptions, which we
discuss in Section 1.1 (Cobbold et al., 1995; Van Gent et al., 2011;
Strozyk et al., 2012; Fiduk and Rowan, 2012; Jackson et al., 2014).
1.1. Geometry and kinematics
Much of our understanding of intrasalt structure and kinematics
comes from observations in mines. These man-made exposures
suggest complex ﬂow patterns and internal vorticity during diapir
growth (e.g., Kupfer, 1976; Richter-Bernberg, 1980; Burliga et al.,
2005; Bornemann et al., 2008), providing unrivalled exposures of
meso- and macroscale structures. However, mining data yield only
a quasi-3D appreciation of intrasalt structure due to the relatively
limited distribution of mine galleries and boreholes (Fig. 1B).
Scaled physical models also provide insights into salt diapir ki-
nematics and internal structure (Fig. 1CeE). In such models, salt
walls are typically characterised by inward ﬂow and thickening of
salt within the wall, which forms relatively simple, upright, sym-
metrical internal anticlines (Fig. 1D) (Dixon, 1975; Schwerdtner
et al., 1978; Ramberg, 1981; Dooley et al., 2015b). Their internal
structures are thus deﬁned by variably deformed, but nonetheless
intact, stratigraphic layering. More-complex structures form in
mushroom-shaped salt stocks in centrifuge models (Fig. 1E and F)
(Jackson and Talbot, 1989). These diapirs contain a range of
axisymmetric fold systems. In the simplest cases, these folds form
in response to inward ﬂow of salt from the source layer, upward
ﬂow of salt within the diapir core, and lateral spreading of salt at
the diapir crest. More mature mushroom-like diapirs can have an
overhanging bulb that is fringed by one or more skirts that may curl
inward and entrain overburden at the diapir ﬂank (Fig. 1E). Using
sand-silicone models, Brun and Mauduit (2009) demonstrated that
internal mushroom structures (sensu Jackson and Talbot, 1989) can
also form in relatively immature, low-relief diapirs by shear trac-
tion exerted by translating overburden (Fig. 1C). Kinematic in-
ferences from scaled physical models need to be tested by
observations from natural diapirs that are exposed or imaged in
three dimensions.
Testing of physical model predictions is now feasible using
modern 3D seismic data that cover large expanses and provide
high-resolution (<50 m vertically) imaging of, salt-bearing sedi-
mentary basins. These data yield an excellent, hitherto underused
opportunity to gain a three-dimensional understanding of the in-
ternal structure of entire salt structures and, by inference, their
kinematics. For example, by using data from the Groningen Basin
and Cleaver Bank High, offshore Netherlands, Van Gent et al. (2011)
and Strozyk et al. (2012) mapped the detailed geometry of a highly
reﬂective, thin (40e50 m) layer of claystone-carbonate-anhydrite
encased in large (>15 km long), halite-dominated salt diapirs, pil-
lows, and anticlines. They documented a range of shortening (in the
form of noncylindrical buckle folds) and extensional (boudins)
structures within and adjacent to salt anticlines, which they
interpreted as forming due to non-plane strain during highly het-
erogeneous salt ﬂow. Fiduk and Rowan (2012) used depth-migrated
3D seismic data from the Santos Basin, offshore Brazil, to constrain
the internal structure of walls formed by ﬂow of multilayered
Aptian salt, documenting near-isoclinal, recumbent folds and
intrasalt thrusts (see also Cobbold et al., 1995; Davison et al., 2012).
They inferred massive basinward ﬂow of and shortening within the
salt. Cartwright et al. (2012) inferred the bulk ﬂowproﬁle of salt in a
domain of shortening based on 3D seismic analysis of multilayered
Messinian evaporites in the eastern Mediterranean. Although thesalt in this particular example is not diapiric, their study points to
further use of seismic reﬂection data to understand ﬂow kinematics
within salt bodies. In all these examples, highly reﬂective layered
evaporites acted as internal strain markers within an otherwise
acoustically and rheologically homogeneous salt body. Despite
providing excellent spatial imaging of intrasalt structures, seismic
data have drawbacks because positioning of reﬂections is
controlled by uncertain velocity models. Furthermore, steeply
dipping or highly strained intrasalt strata are typically poorly
imaged by conventional seismic reﬂection data. Likewise, some
intrasalt units may be too thin to image, despite being acoustically
different from the encasing strata.
Although challenging, understanding large-scale intrasalt
structure and kinematics is important for several reasons. First,
some diapirs are envisaged as repositories for high-level nuclear
waste. Thus it is critical to understand their internal structure, in
particular the location and size of high-permeability structures
and stratigraphic units that may hydraulically connect the
otherwise impermeable core of the diapir and permeable over-
burden rocks (Klinge et al., 2007). Second, diapirs and their
caprocks can host potash deposits (Talbot et al., 2009) or sul-
phide minerals in Mississippi Valleyetype deposits (Light et al.,
1987), so there is strong economic incentive to understand
their permeability structure. Third, drilling wells through thick
salt is an engineering challenge because it may contain variably
deformed and dismembered interbeds of more-mobile potash
evaporites, like sylvite and carnallite, which may ﬂow on drilling
timescales. Other porous inclusions may be overpressured or
underpressured, both of which complicate drilling. Anything that
can be done to understand and predict intrasalt inclusion ge-
ometries mitigates drilling risk. Fourth, understanding the in-
ternal structure of the salt could help to optimize wellbore
trajectories (Weijermars and Jackson et al., 2014). Fifth, structural
restoration of salt-bearing sedimentary basins is typically
focused on retrodeforming the overburden and ignores strain
within the salt because the intrasalt structures are too complex
or poorly imaged. An improved understanding of intrasalt
structure should allow us to include intrasalt strain into struc-
tural restorations of salt-bearing sedimentary basins (Hossack,
1995; Rowan and Ratliff, 2012).
1.2. Study aim
This study aims to document the variability in intrasalt struc-
tural style in ﬁve natural salt diapirs, and to test kinematic and
mechanical models for how these structures formed. To achieve
these aims we use time-migrated 3D seismic reﬂection and bore-
hole data from the S~ao Paulo Plateau, Santos Basin, offshore Brazil
(Fig. 2). Despite the inherent shortcomings of seismic data, this area
is ideal to investigate the structure and kinematics of diapirs
because: (i) detailed mapping of layered and highly reﬂective
evaporites in the autochthonous salt allows us to constrain intrasalt
structure within numerous large salt walls; and (ii) the absence of
shallow allochthonous salt, or stratigraphic and associated acoustic
complexity in the overburden, permits high-quality imaging of the
internal structure of the walls. Some of the salt structures described
here have been investigated by Fiduk and Rowan (2012), using a
pre-stack depth-migrated version of the same 3D volume, and by
Jackson et al. (2014), using time-migrated 3D seismic and borehole
data. We greatly add to the data presented in their studies and
critically appraise their models by: (i) constructing detailed maps
and providing a systematic description of the internal structure of
numerous salt walls; (ii) using borehole data to constrain the
physical properties, in particular the density, of the autochthonous
source layer; and (iii) describing the internal structures of diapirs
Fig. 2. (A) Regional map showing the main basement-involved structures and salt-related structural domains of the Santos Basin, offshore Brazil (compiled from Davison et al.,
2012; Modica and Brush, 2004). The location of the 3D seismic reﬂection survey and the cross section shown in (B) are indicated. IGGC¼Isla Grande Gravitational Cell (stippled
area; see Guerra and Underhill, 2012). Location of the maps shown in Fig. 5 and seismic proﬁles shown in (B) are indicated. (B) Simpliﬁed geoseismic section across the central
Santos Basin showing the main basement-involved structures and salt-related structural domains (modiﬁed from Davison et al., 2012). Location of section is shown in (A).
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mation. We focus especially on complex structures within a mi-
nority of salt walls. Such structures have only very rarely been
described in detail before (Fiduk and Rowan, 2012; Jackson et al.,
2014) and their genesis is enigmatic because we cannot accountfor them merely by intrasalt shortening Our analysis evaluates
previous interpretations of the origin of intrasalt structures on the
S~ao Paulo Plateau, and offers a revised explanation. Although our
kinematic model is based on analysis of the Santos Basin, it may be
more applicable to other salt-bearing sedimentary basins. A
C.A.-L. Jackson et al. / Journal of Structural Geology 75 (2015) 135e162 139companion paper by Dooley et al. (2015b) uses a series of physical
models to explore the mechanical feasibility of our kinematic
model.2. Geological setting
The Santos Basin initially formed as a rift basin during the Early
Cretaceous as the South Atlantic began to open (Meisling et al.,
2001; Modica and Brush, 2004; Karner and Gambo^a, 2007;
Mohriak et al., 2008; Contreras et al., 2010). A series of grabenFig. 3. Regional stratigraphic column for the Santos Basin (modiﬁed from Modica and
Brush, 2004; Duarte and Viana, 2007; Moreira et al., 2007). This paper focuses on the
salt-bearing Ariri Formation (Aptian) (see Fig. 4), and key periods of salt-related
deformation are indicated. The timing of proximal extension is based on Guerra and
Underhill (2012) and Quirk et al. (2012); the timing of distal extension is based on
observations presented here and in Jackson et al. (2014). Two slightly different periods
of regional shortening are indicated based on observation presented here and those
presented by by Guerra and Underhill (2012). Key seismic horizons marked on seismic
proﬁles in Figs. 7, 8, 10e13 are indicated. BS ¼ base salt; TS ¼ top salt; TA ¼ top Albian;
TC ¼ top Cretaceous; IP ¼ intra-Paleocene; TP ¼ top Cretaceous.and half-graben were ﬁlled by non-marine strata (Picarras and
Itapema formations), which are overlain by shallow-marine car-
bonates (Barra Velha Formation) (Fig. 3). During the latter part of
the Early Cretaceous (latest Aptian), the number of active upper
crustal faults, and the rate of slip on these faults, decreased, and a
2.4e2.6 km thick, post-rift salt-rich succession (Ariri Formation)
was deposited (Figs. 2 and 3) (De Freitas, 2006; Davison et al., 2012).
Margin-scale restorations across the Santos Basin suggest that the
salt was fully contained within its original depositional basin
(Fig. 2B) and that postdepositional ﬂow caused it to be expelled as
salt nappes emplaced on transitional or oceanic crust (Davison
et al., 2012).
During the early Albian, in response to thermally induced sub-
sidence and a eustatic sea-level rise, fully marine conditions
became established in the Santos Basin, and a carbonate-
dominated succession was deposited (Itanhaem Formation)
(Fig. 3). Grainstones and oolitic shoals accumulated along the
proximal northwestern basin margin; farther basinward to the
southeast, beyond the palaeo-shelf edge, a very ﬁne-grained, marl-
dominated succession was deposited (Modica and Brush, 2004). At
this time thermal and isostatic subsidence was focused toward the
centre of the embryonic oceanic spreading centre and, during the
latest Albian, this subsidence tilted the basin southeastward,
creating a thin-skinned array of predominantly seaward-dipping
normal faults that broke the Albian carbonate platform into
extensional rafts (Demercian et al., 1993; Rouby et al., 1993;
Cobbold et al., 1995; Mohriak et al., 1995; Guerra and Underhill,
2012; Quirk et al., 2012).
Our study area lies downdip of the Albian extensional domain
and so is likely to have undergone Albian shortening. Shortening
may then have continued through to the end of the Cretaceous, but
this is debatable. A key feature of this debate is the Albian Gap
(Demercian et al., 1993; Cobbold et al., 1995; Mohriak et al., 1995;
Ge et al., 1997; Modica and Brush, 2004; Gemmer et al., 2005;
Davison et al., 2012; Guerra and Underhill, 2012; Quirk et al.,
2012). Some researchers think the Albian Gap formed mostly by
Late Cretaceous gravity-driven extension of the suprasalt cover, in
which case the structures in our study area may be part of the Late
Cretaceous shortening system that accommodates this extension
(e.g., Mohriak et al., 1995; Modica and Brush, 2004; Quirk et al.,
2012). Others interpret that the Albian Gap formed due to salt
expulsion driven by progradation of basin-margin clastic wedges
across a pre-existing salt wall (Ge et al., 1997; Gemmer et al., 2005;
Krezsek et al., 2007). If so, there should be little post-Albian
shortening of the overburden in the study area because there was
little updip extension to drive it. Establishing the origin and timing
of intrasalt structures on the S~ao Paulo Plateau can contribute to
this debate.
3. Dataset and methods
This study uses a zero-phase processed, time-migrated, 3D
seismic reﬂection data set that covers 20,122 km2 of the S~ao Paulo
Plateau in the central Santos Basin (Fig. 2A). Inline (eastewest) and
crossline (northesouth) spacing is 18.75 and 25m, respectively; the
vertical sampling interval is 4 ms two-way time (ms TWT) and the
data have a record length of 5500 ms TWT. The seismic survey is
displayed with Society of Economic Geologists (SEG) “normal”
polarity, where a downward increase in acoustic impedance is
represented by a positive reﬂection event (white on seismic sec-
tions) and a downward decrease in acoustic impedance is repre-
sented by a negative reﬂection event (black on seismic sections)
(Brown, 2011). The dominant frequency in the Aptian salt is c. 30 Hz
and the average interval velocity is 3439 m/s, which is lower than
typical for salt (4500e5500 m/s) due to the relative abundance of
C.A.-L. Jackson et al. / Journal of Structural Geology 75 (2015) 135e162140acoustically slow carnallite layers; together, these values for fre-
quency and velocity yield an intrasalt vertical resolution of c. 29 m.
Owing to a similar dominant frequency (c. 31 Hz) and a slower
average interval velocity (c. 2015 m/s), the vertical resolution (c.
17 m) in the overburden is slightly higher than in the salt, although
this too varies with depth. Structural measurements in the salt (e.g.,
fold amplitude, displacement across intrasalt shear zones) are
converted from time (ms TWT) to depth (meters) using the interval
velocities deﬁned above. Horizontal resolution is taken as twice the
seismic line spacing (i.e., 37.5 m in the EeW direction and 50 m in
the NeS direction).
Six boreholes lie within the area covered by the 3D seismic
dataset (Fig. 2A). These boreholes yield wireline-log (gamma ray,
bulk density, sonic travel time), cuttings, and stratigraphic (age)
data that constrain the composition and age of the salt and over-
burden. Checkshot data in these wells allow us to tie the strati-
graphic data both within the salt in the adjacent minibasins to the
seismic reﬂection data using synthetic seismograms (Fig. 4). The
top and base of salt are deﬁned by high-amplitude postive and
negative reﬂection events, respectively (TS and BS, Fig. 4). The
regional distribution and morphology of salt and salt-related
structures are deﬁned by a two-way time (TWT) map of the top
salt reﬂection (Fig. 5A; see also Fig. 5B). Borehole data and synthetic
seismograms also indicate that the Aptian salt has a very distinctive
internal stratigraphy that is closely tied to its seismic expression
andmechanical properties (Fig. 4); this is described in the following
section.
4. Salt composition and intrasalt seismic-stratigraphic
framework
Borehole data indicate that the salt is halite-rich (typically >80%
by volume) (see also Fiduk and Rowan, 2012; Jackson et al., 2014).
However, on the basis of percentage of nonhalite evaporites
(anhydrite, carnallite, tachyhydrite) and their differing densities,
the unit is divided into four units (Table 1; Fig. 4) (Jackson et al.,
2014). A1 is a chaotic-to-weakly stratiﬁed, poorly reﬂective,
halite-rich (77e98%) unit, having a bulk density of 2239e2270 kg/
m3. A2 is a strongly reﬂective, high-amplitude unit having less
halite (67e86%), a bulk density of 2258e2311 kg/m3, and relatively
thick (50e235m), dense (2350e2990 kg/m3) anhydrite interlayers.
A3 is a poorly reﬂective unit that has more halite (69e94%) and a
bulk density of 2231e2277 kg/m3. A4 is a strongly reﬂective unit
having less halite (31e94%) and a bulk density of 2047e2522 kg/
m3, but containing some low-density evaporite (carnallite
<1800 kg/m3). Note that we elect to use a four-fold stratigraphic
framework rather than the six-fold framework of Fiduk and Rowan
(2012) because: (i) a four-fold sub-division allowed us to extend
mapping of intrasalt stratigraphy throughout the basin and within
numerous diapirs; and (ii) their nomenclature challenges strati-
graphic conventions in that stratigraphic units are numbered from
top to bottom (e.g. B1 overlies B2, B2 overlies B3), which is opposite
to their age relations.
Although the four main intrasalt units can be identiﬁed across
the study area, our borehole data indicate that the present thick-
ness, composition, and, therefore, density stratiﬁcation of the salt
varies (Fig. 6; see also Table 1). In the south, boreholes 723C and
709, which are both located on the south-central part of the S~ao
Paulo Plateau in the midst of an array of diapirs that contain
complex intrasalt structures (see Section 6), indicate that A2eA4
are collectively denser (723C ¼ 2355 kg/m3 and 709 ¼ 2297 kg/m3)
than A1 (723C¼ 2251 kg/m3 and 709¼ 2239 kg/m3). In contrast, on
the northwestern part of the S~ao Paulo Plateau, where diapirs
contain relatively simple intrasalt structures (see Section 6), bore-
hole 369A indicates that the salt has a broadly similar densitythroughout, with A2eA4 (2179 kg/m3) being less dense than A1
(2270 kg/m3). This spatial variability in the density stratiﬁcation of
the autochthonous salt is critical to the kinematic model outlined
later in this paper (see Section 8.3).
Because the intrasalt units differ in composition and acoustic
properties, their boundaries are deﬁned by regionally mappable
reﬂections (Figs. 4, 6 and 7) that allow us to deﬁne the internal
structure of a number of salt diapirs (as done by Davison et al.,
2012; Fiduk and Rowan, 2012; Jackson et al., 2014). Line-by-line
(every 18.75e25 m) mapping of intrasalt horizons, in particular
the top of A2 (Figs. 4, 7 and 8), allowed us to produce very detailed
maps of the internal structure of each diapir (Fig. 9). We also
mapped several post-Aptian seismic horizons to illustrate over-
burden structural styles intimately related to the evolution of the
salt structures and adjacent minibasins (top Cretaceous¼ TC, intra-
Palaeocene ¼ IP, top Palaeocene ¼ TP; Figs. 3, 7 and 8).
5. Regional distribution, morphology, and initial growth of
salt structures
We ﬁrst describe the overall distribution andmorphology of salt
structures on the S~ao Paulo Plateau to provide a semiregional
framework for our detailed analysis of intrasalt structure. Salt walls
predominate on the S~ao Paulo Plateau and salt stocks are rare
(Fig. 5). A key observation is that the most of the salt walls have
relatively simple external morphologies, and are deﬁned by rela-
tively ﬂat crests and relatively smooth, moderately dipping (<20)
ﬂanks (Figs. 5 and 7). The relatively simple external form of many of
the diapirs masks much greater internal structural complexity, as
described in the next section. The walls are up to 4.8 km tall, 15 km
wide, and 60 km long (Figs. 5A and 7). They trend broadly NE-to-
NNE in the north and broadly N-to- locally NE in the south
(Fig. 5AeB). In the north, NW-trending walls link the NE-to-NNE-
trending salt walls, resulting in an overall polygonal pattern of
salt walls enclosing subcircular minibasins, which together cover
much of the central and northern Santos Basin (Fig. 5AeB) (Davison
et al., 2012; Guerra and Underhill, 2012; Quirk et al., 2012). In the
south of the study area, these NW-trending walls are absent and N-
trending walls dominate; in this domain occur the complex intra-
salt structures that form the focus of this study (Fig. 5AeC).
There is abundant evidence for mild shortening in suprasalt
sediments in some places on the S~ao Paulo Plateau (see also
Cobbold et al., 1995). For example, relatively closely spaced (<3 km),
NE-trending, upright to slightly ESE-verging folds, which have
amplitudes of up to 700 m and rounded hinges, are especially
common in the northeast margin of the S~ao Paulo Plateau (herein
called the Outer S~ao Paulo Fold Belt; Figs. 5B and 8A). Northeast-
trending buckle folds occur in the southwest, (herein called the
Inner S~ao Paulo Fold Belt; Figs. 5B and 8B), where they crosscut N-
trending salt walls. Locally lower-A1 shows marked, shear zone-
induced changes in thickness and the overlying layered evapo-
rites and the overburden are concordantly folded (Fig. 8B). NE-
striking, salt-cored buckle folds, which are typically underlain by
NW-dipping thrusts, also sporadically occur in the central part of
the S~ao Paulo Plateau between the variably oriented salt walls
(Figs. 5B and 8C). Many of these thrusts can be traced into salt walls,
where they change strike to become parallel to the margins of the
wall (see below). Some salt walls are strongly discordant with their
overburden and have major cutoffs against ﬂanking strata, thus are
characteristic of passive diapirs formed by downbuilding (Fig. 7B)
(e.g. Nelson, 1989; Vendeville and Jackson, 1992; Rowan et al.,
2003). In contrast, other salt walls are only slightly discordant to
the onlapping overburden strata and resemble contractional anti-
clines whose crests have been uplifted and eroded (e.g. Stewart and
Coward, 1995). Still other diapirs have triangular proﬁles and a fan

















Fig. 5. (A) Top-salt time-structure map. (B) Simpliﬁed map outlining key salt structures (principally walls and a few stocks) and shortening-related structures (principally intrasalt
reverse shear zones, salt-cored buckle folds, and a few intra-minibasin thrusts). Named complex diapirs are: Ma ¼Martin; L ¼ Liam; J ¼ Jimi; F¼Freddie; A ¼ Axl. Other features are:
ISPFB¼Inner S~ao Paulo Fold Belt; OSPFB¼Outer S~ao Paulo Fold Belt. The locations of the intrasalt correlation shown in Fig. 6 and seismic proﬁles shown in Figs. 7 and 8 are indicated.
See Fig. 2 for regional context of maps.
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of reactive diapirs initiated by regional extension (e.g. Vendeville
and Jackson, 1992; Jackson et al., 2014)
6. Intrasalt structure
Highly reﬂective layered evaporites in the Aptian salt layer
(Fig. 4) permit detailed analysis of its internal structure, indicating
that the magnitude and style of deformation varies across the S~ao
Paulo Plateau (Figs. 5B and 9) (see also Cobbold et al., 1995; Davisonet al., 2012; Fiduk and Rowan, 2012; Jackson et al., 2014). Five main
intrasalt structures are identiﬁed: (i) large, upright, symmetrical,
internal anticlines that deform A2e4 and are cored by thickened A1
halite (Fig. 10); (ii) near-isoclinal, moderately-inclined-to-recum-
bent synclines formed in upper A1e4 (Fig. 11); (iii) acoustically
transparent, sheetlike bodies overlying complexly deformed walls,
attached to narrow, subvertical, acoustically transparent zones
linking them downward to autochthonous A1 salt (Fig. 11); (iv)
small, upright, symmetrical anticlines in the upper part of A1 that
only affect basal parts of salt walls (Fig. 12); and (v) reverse shear
Table 1
A. Bulk density (kg/m3) of intrasalt units. B. Composition (%) of intrasalt units (halite/
anhydrite/carnallite/tachyhydrite/calcilutite).
A
Well A1 A2 A3 A4 A2eA4 Difference between
A1 and A2eA4
532A e e e e e e
723C 2251 2311 2231 2522 2355 104
ESSO-3 e e e e e e
709 2239 2304 2277 2311 2297 58
369A 2270 2258 2231 2047 2179 þ91
711 e e e e e e
B
Well A1 A2 A3 A4
532A 94/3/3/0/0 78/10/11/1/0 94/3/3/0/0 45/35/16/4/0
723C 83/15/2/0/0 67/26/6/1/0 84/13/2/1/0 69/18/13/0/0
ESSO-3 77/21/1/0/1 79/16/5/0/0 69/30/1/0/0 94/0/6/0/0
709 88/10/1/0/1 77/16/7/0/0 89/9/2/0/0 92/3/5/0/0
369A 87/5/7/1/0 79/12/9/0/0 94/2/4/0/0 31/25/44/0/0
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(Figs.10e13) todescribe these structures, drawingonexamples from
ﬁve of the complex diapirs, which we name after well-known rock
‘n’ roll frontmen (Jimi,Martin, Liam, Freddie, andAxl; Figs. 5B and9).
6.1. Upright internal anticlines
Most salt walls on the S~ao Paulo Plateau, irrespective of their
external shape, orientation, or size, contain relatively simple, up-
right, intrasalt anticlines (Figs. 5B and 7). These intrasalt anticlines
are cored by thickened lower-A1 and overlain by broadly tabular
but folded, layered evaporites (upper-A1eA3 and, where preserved,
A4); beneath the adjacent minibasins, lower-A1 is typically very
thin (<250 m) or even locally absent where A2 is welded to presalt
strata (Fig. 7B). The anticline hinge is parallel to the wall long axis,
and the fold limbs dip <20. Although generally tabular, upper-A1,
A2, and A3 locally display dramatic changes in thickness across the
anticlines, which are especially striking on the limbs of some of the
high-relief diapirs in the central and northern parts of the central
S~ao Paulo Plateau. A4 and the upper part of A3 are commonly
truncated and are absent at the wall crest across the anticline hinge
(Fig. 7).
Internal anticlines also occur in the domain of complex intrasalt
structures on the south-central part of the S~ao Paulo Plateau, but are
typically at the low-relief ends of walls (e.g. northern and southern
ends of Liam; Figs. 9B and 10B; southern end of Jimi; Figs. 9A and
10B; northern and southern ends of Martin; Fig. 9A; northeastern
and southwestern ends of Axl; Fig. 9E) whose culminations are
dominated by complex folds and poorly reﬂective sheetlike bodies
(see Sections 6.2 and 6.3). Locally, relatively large, upright anticlines
occur within the cores of complex walls; these anticlines typically
have a moderately inclined, near-isoclinal syncline superposed on
the limb facing the wall centre (Fig. 11) (see Section 6.2).
6.2. Moderately-inclined-to-recumbent synclines
The cores of the complexly deformed walls are dominated by
moderately-inclined-to-recumbent synclines. Two fold styles are
observed: (i) large (amplitude up to 3 km), relatively continuous
(>5 km) folds that either are preferentially developed on one side ofthe wall or occur in pairs; and (ii) smaller (amplitude up to 1.5 km),
isolated folds of limited lateral extent (<5 km).
The large, near-isoclinal, moderately-inclined-to-recumbent,
noncylindrical synclines occur along the southeastern (Freddie,
Figs. 9D and 11C; Axl, Fig. 9E) or eastern (e.g., central part of Liam,
Figs. 9B and 11FeG) margins of several complex walls. These syn-
clines face outward and die out toward the wall margins and
continue along strike for up to 20 km. Folds change in proﬁle up-
ward from open and rounded in the upper part of A1 to tight and
angular in A2. Layer A3 commonly forms an undeformed, tabular
cap above folded older strata (e.g., Martin, Fig. 11AeB; Freddie,
Fig. 11C; Liam, Fig. 11F). The major recumbent synclines typically
occur on the northwestward-dipping limb of internal anticlines
(see Section 6.1) (Fig. 11). The axial surfaces of the recumbent
synclines are folded across the hinges of the internal anticlines
(Fig. 11). The northwestern margins of complex walls are either
deﬁned by northwestward-dipping panels of undeformed layered
evaporites (A2, A3, and, locally, A4; Fig. 11E and G) or open, NW-
facing, recumbent-to-slightly-overturned synclines that are
deveoped along strike of and locally disrupt the undeformed panels
(e.g., Freddie, Fig. 11C). In some cases, where the walls narrow at
their ends or centres, the syncline on the northwesternwall margin
is the same size as that on the southeastern margin (e.g., central
part of Martin, Figs. 9A and 11A; southern part of Liam, Figs. 9B and
11F).
The smaller, moderately-inclined-to-recumbent synclines have
limited length (<5 km). They trend parallel to and face outward
toward the wall margin, and are commonly separated from
neighbouring folds by zones of extremely poor reﬂectivity (Fig. 9A,
B and C). In some cases their hinges, which may be strongly curved
in map-view (e.g., Martin, Fig. 9A), are oblique to the wall axis (e.g.,
Jimi, Fig. 9C). Synclines of this type may overlap in map view
(Fig. 9AeC) and be vertically stacked in cross section (Fig. 11B and
F), seemingly by horizontal transport in the hanging wall of intra-
salt shear zones that also strike parallel to poorly reﬂective sub-
vertical zones (see Section 6.5).
6.3. Poorly reﬂective, chaotic, sheetlike bodies and linked
subvertical zones
Poorly reﬂective, chaotic, sheetlike bodies dominate the upper
parts of the walls and cap the synclines and internal anticlines
described above (Figs. 9 and 11). The sheetlike bodies are up to
1200m thick, 5 kmwide, and 20 km long and typically ﬁll the entire
upper parts of the wall. The basal contact between the sheetlike
bodies and the underlying folds is subhorizontal or dips in toward
the wall centre, climbing to structurally higher levels toward the
salt-wall contact (e.g., eastern margin of Liam, Fig. 11F; eastern
margin of Martin, Fig. 11AeB; eastern margin of Freddie, Fig. 11C).
The surface can be diffuse relatively sharp, cross-cutting underlying
A2 reﬂections. We interpret that this angular relationship repre-
sents highly strained and/or steeply dipping A2 that is poorly
imaged immediately below the sheet-fold contact. The top of the
sheet typically coincides with the top-salt contact (Fig. 11).
The sheetlike bodies are underlain by and attached to sub-
vertical, weakly reﬂective zones that connect the sheets downward
to autochthonous lower-A1 at the base of the wall (Fig. 11). These
inclined zones are 0.25e2 km wide, up to 20 km long and 1500 m
tall. They are almost invariably thrusted, as shown in map view
(Fig. 9) and cross section (Fig. 11B, C, E, and F) (Section 6.5). Where
the weakly reﬂective zone is thrusted, it dips less steeply (<25)
than where these thrusts are absent, and is typically associated
with recumbent folds that overlap in map view (Fig. 9). Where a
steep zone separates oppositely facing recumbent synclines, one of
which is much larger than the other, the zone is located off-centre
Fig. 6. (A) Stratigraphic panel illustrating the intrasalt stratigraphic architecture and present density structure of the Ariri Formation evaporites. Location of the panel is shown in Fig. 5B. Lithology identiﬁcation is based on wireline-log
(e.g., gamma-ray ¼ GR, density ¼ RHOB, sonic velocity ¼ DT) and cuttings data (see Jackson et al., 2014b). Note the spatial variations in the density structure of the autochthonous salt layer, in particular in boreholes 723 and 709, which
lie within the domain of complex intrasalt structure; in these boreholes, evaporite units A2eA4 (D2eB2, D1 and B1, respectively, of Fiduk and Rowan, 2012) have a bulk density greater than that of A1 (D3eB3 of Fiduk and Rowan, 2012)
(see also Table 1). In contrast, in borehole 369A, which is located outside the domain of complex intrasalt structure, units A2eA4 are less dense than A1. Dashed black line indicates the approximate position of the lower-A1/upper-A1
boundary discussed in the text and shown in Figs. 10 and 11 and 12 and 13 Regional seismic reﬂection proﬁles showing the salt tectonic context of boreholes shown in (A). 532A is located in an area of moderatey thick salt in the Inner
Fold Belt (see Fig. 5); 723 is located adjacent to immediately adjacent to a large complex salt wall (Liam; see Fig. 9B); 709 is located immediately adjacent to a large complex salt wall (Jimi; Fig. 9C); 369A is located in an area of thick salt,
next to a large diapir on the western ﬂank of the Outer Fold Belt (see Fig. 5); 711 is penetrates a large salt wall located on the north-western edge of the Outer Fold Belt (Fig. 5). Note that ESSO-3 lies to the south of the 3D seismic survey,















Fig. 7. Time-migrated seismic reﬂection proﬁles illustrating the seismic expression of simple internal upright anticlines, which represent the dominant structural style of most of
the salt diapirs on the S~ao Paulo Plateau. (A) A NNW-trending proﬁle across two NE-trending walls; below is a simple line drawing illustrating the intrasalt structure, based on a
depth-converted seismic proﬁle (VE ¼ 1:1). (B) A NNE-trending proﬁle across two WNW-trending walls. See Data Repository Item 2a for a simple line drawing illustrating the
intrasalt structure, based on a depth-converted seismic proﬁle (VE ¼ 1:1). The white dashed line indicates the anticline axial trace. The top-Cretaceous (TC) seismic horizon cannot
be mapped in the area covered by (B) so is absent from this display. The lower-A1/upper-A1 boundary (see Figs. 10e13) is ill deﬁned inside the high-relief north and central diapirs,
presumably owing to very high strains associated with diapir growth. See Fig. 5B for the location of the seismic proﬁles. Vertical exaggeration (VE) is shown on the proﬁles.
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multiple subvertical zones are present, this pattern is less obvious,
and the zones may show no preferential location with respect to
the wall margins (Fig. 9C).6.4. Small, upright, symmetrical folds
Upright, symmetrical folds are present near the base of several
walls. These folds typically trend NW, are up to 5 km long (Fig. 9),
have amplitudes of up to 250 m, and have moderately dipping
(<20) limbs (Fig. 12). They incorporate layered evaporites of
upper-A1 and the lower part of A2 (Fig. 12A) or A1 only (Fig. 12B).
The folds do not appear to deform the base of the poorly reﬂective
sheetlike bodies that dominate the upper parts of thewalls (Fig.12),
although this may reﬂect poor imaging of the basal sheet contact or
modiﬁcation of the primary stratigraphic relationship by syn- or
post-emplacement ﬂow of underlying and overlying evaporites.
These folds are different from the internal anticlines described in
Section 6.1 in that they: (i) typically occur in the wall centres, rather
than at the wall lateral margins or ends (Fig. 9); (ii) are smaller in
length (<5 km; Fig. 9), amplitude (<250 m), and wavelength(<2.5 km; Fig. 9); and (iii) occur in closely spaced (hinge-to-hinge
distance <2.5 km; Figs. 9 and 12) synclineeanticline pairs.6.5. Reverse shear zones
Reverse-sense shear zones are common in complex walls. Most
intrasalt shear zones trend N-to-NE, parallel to the long axis of their
containing walls (Fig. 9). They dip gently to the W or NW (up to
25), ﬂattening and detaching downward onto the base of salt; the
sense of shear is thus top-to-E or -SE, either being wholly contained
within A1 (Fig. 13A) or thrusting upper-A1 over layered evaporites
of A2 (Figs. 9 and 13B).
We recognise three types of intrasalt shear zone. The ﬁrst type is
up to 5 km long, 1500 m tall, and has up to 2.5 km of displacement.
These shear zones are relatively closely spaced (<2 km; Fig. 9D) and
bound slices of upper-A1 evaporites (Fig. 13A). Their upper tips are
located within A1 (Fig. 13A) or A2 (Fig. 13B).
The second type of shear zone occur where intrasalt sheetlike
bodies are absent, typically toward the ends of the walls. These
shear zones are longer (up to 10 km), taller (up to 2200 m), and
have more displacement (up to 1150 m) than the ﬁrst type; they
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Fig. 9. Maps illustrating the detailed intrasalt structure of complexly deformed salt walls on the southern margin of the S~ao Paulo Plateau. (A) Martin. (B) Liam (see also Jackson
et al., 2014). (C) Jimi. (D) Freddie. (E) Axl. For each structure, three maps are shown: (i) top-salt time-structure; (ii) intrasalt structures (e.g., shear zones and folds); and (iii) feeders,
and allochthonous sheets and canopies. See Fig. 5B for the locations of the walls. The locations of seismic proﬁles in Figs. 8C and 10e13 are shown.
Fig. 8. Time-migrated seismic reﬂection proﬁles illustrating the seismic expression of Late Cretaceous shortening-related structures on the S~ao Paulo Plateau. (A) Proﬁle across the
Outer S~ao Paulo Plateau fold belt; see Data Repository Item 2b for a simple line drawing illustrating the intrasalt structure, based on a depth-converted seismic proﬁle (VE ¼ 1:1). (B)
Proﬁle across the Inner S~ao Paulo Plateau fold belt; see Data Repository Item 2b for a simple line drawing illustrating the intrasalt structure, based on a depth-converted seismic
proﬁle (VE ¼ 1:1). (C) Proﬁle along the axis of a minibasin between Freddie and Liam; below is a simple line drawing illustrating the intrasalt structure, based on a depth-converted
seismic proﬁle (VE ¼ 1:1). See Fig. 9D for location of proﬁles. Vertical exaggeration (VE) is shown on the proﬁles.
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Fig. 9. (continued).
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zones may offset the limbs of the internal anticlines, although the
anticline limbs remain broadly concordant to the salt contact
(Fig. 13B).
The third type of shear zone is somewhat cryptic and occurs
within the intrasalt feeders (see below). These shear zones are
recognised based on the observation that the hinge of one of the
feeder-ﬂanking recumbent synclines is elevated up to 700 m
above the opposing fold (Fig. 11B and F). The close spatial rela-
tionship between shear zones and feeders means that many
intrasalt shear zones trend highly oblique to shear zones else-
where within the walls, or to thrusts in ﬂanking minibasins
(Fig. 9B, C, and E). Examples of obliquity of up to 90 occur at the
northern end of Liam (Fig. 9B) and in Jimi (Fig. 9C). In contrast,
where a wall's long axis and feeder trend NE, such as in Freddie,
the intrasalt shear zone also trends NE, parallel to structures in
adjacent minibasins (Fig. 9D) and to most other salt-related
shortening structures elsewhere on the S~ao Paulo Plateau (e.g.,
the Inner and Outer S~ao Paulo fold belts; Fig. 9). Outside the
main walls the thrusts lose displacement and core salt anticlines
(eastern end of Fig. 10B; southeastern end of Fig. 11C), and are
typically overlain by SE-verging folds across which Upper
Cretaceous strata and especially upper Palaeocene strata thin
and onlap (foldethrust pair at southwest end of Fig. 8C). Upper
Cretaceous strata also change in thickness across folds in the
Inner (Fig. 8A) and Outer (Fig. 8B) fold belts, suggesting that
structures within these domains are of broadly similar age (Late
Cretaceous-to-Palaeocene) to shortening-related structures in
the zone of complex diapirs.7. Interpretation of intrasalt structures
Before inferring the origin of intrasalt structures on the S~ao
Paulo Plateau, we must ﬁrst interpret their kinematics. We startwith diapirs having relatively simple internal anticlines, which are
ubiquitous across the study area, then focus on the more enigmatic,
complex diapirs locally developed on the southern margin of the
S~ao Paulo Plateau.7.1. Internal anticlines
Internal anticlines deﬁned by variably deformed but preserved
layering, characterise the majority of salt structures on the S~ao
Paulo Plateau and occur in two locations: (i) in simple salt-cored
anticlines (Fig. 8; eastern structures on Figs. 10B and 11C) along
the entire lengths of simple walls (Fig. 7), and (ii) at the ends of
complex walls (Fig. 10A and western structure on Fig. 10B). Internal
anticlines in salt-cored anticlines are typically cored by intrasalt
shear zones. These salt-cored anticlines incorporate isopachous but
folded Albian strata, are onlapped by Upper Cretaceous-to-
Palaeocene strata, and formed in the Late Cretaceous-to-
Palaeocene at the same time as the internal anticlines contained
within them. Internal anticlines in the salt-cored anticlines formed
by ﬂow and thickening of mobile lower-A1, which boreholes reveal
is halite-rich (average >88%; Table 1), whereas A2eA4 units are
broadly isopachous across the fold hinges.
Internal anticlines at the ends of complex walls, are typically not
cored by intrasalt shear zones, and are ﬂanked by Albian strata that
may onlap onto or show normal fault-induced structural thinning
towards the diapir ﬂanks. Stratigraphic relationships adjacent to
their host walls, which we will discuss more fully below in Section
8.1, indicate that the internal anticlines formed during the Albian-
to-Late Cretaceous. Like those outside complex walls, internal an-
ticlines at the complex wall ends formed by inward ﬂow and
thickening of lower-A1 mobile halite, in this case expelled from
beneath ﬂanking minibasins. A2eA4 units are broadly isopachous
across the fold hinges, although local thickness changes in A2 and
A3 on the anticline limbs may reﬂect preferential expulsion of
Fig. 9. (continued).
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Jackson, 2011; Jackson et al., 2014b). These diapirs could have
grown reactively or passively, as discussed below in Section 8.1.
7.2. Complex intrasalt structures
Our interpretation of the origin of the complex intrasalt struc-
tures is based on two key features: (i) poorly reﬂective, chaotic,
sheetlike bodies and poorly reﬂective subvertical zones; and (ii)
moderately inclined-to-recumbent synclines. Having considered
these, we then consider the origin of the upright symmetrical folds
and reverse shear zones.
7.2.1. Poorly reﬂective bodies and subvertical zones
Based on analysis of depth-migrated 2D seismic reﬂection data,
Davison et al. (2012) interpret that the poorly reﬂective intrasalt
bodies are allochthonous salt sheets and canopies, sourced from A1
and extruded during Aptian salt deposition (see their Fig. 10).
Likewise Gamboa et al. (2008) also identify sheetlike, A1-sourcedbodies capping strongly deformed layered evaporites, attributing
these bodies to syndepositional Aptian ﬂow of A1 halite. However,
they infer that the sheets are not related to Aptian extrusion but to
seaward shearing of relatively upright salt diapirs during basinward
translation of the overburden linked to Late Cretaceous gravity
spreading (Fig. 16.20 in Gamboa et al., 2008). In contrast Fiduk and
Rowan (2012) suggest that the poorly reﬂective bodies are
recumbent, near-isoclinal folds in which strata were extensively
disrupted and therefore poorly imaged. They see no evidence for
emplacement of allochthonous salt bodies, extrusive or otherwise.
Because the poorly reﬂective intrasalt bodies are not penetrated
by boreholes, their composition and origin are speculative. How-
ever, although high strains are eminently capable of disrupting stiff
interbeds in an evaporite sequence, we see no reason why these
upper poorly reﬂective areas would be seismically transparent,
whereas strata in underlying folds, which are of similar size, shape
and attitude, are highly reﬂective. Instead, we infer that the poorly
reﬂective bodies are intrasalt sheets and canopies, based on the
following evidence. First, the bodies are geometrically and
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from seismic reﬂection data (e.g., Jackson et al., 1990; Hudec and
Jackson, 2006). Second, the bodies are physically linked to A1
halite via narrow, subvertical, poorly reﬂective zones interpreted as
feeders (Davison et al., 2012; Jackson et al., 2014). Third, the bodies
are above overturned ﬂaps, which we relate to breakout of intrasalt
allochthons (see Section 7.2.2) by analogy with ﬂaps adjacent to salt
sheets described elsewhere, where they are typically conﬁned
within overburden. Fourth, seismic evidence that lower-A1 was
preferentially expelled from beneath minibasins points to ﬂow of
this unit as salt structures grew. We are thus in broad agreement
with Gamboa et al. (2008) and Davison et al. (2012) that the poorly
reﬂective bodies are largely composed of A1 halite. Furthermore,
we concur with Davison et al. (2012) that these intrasalt bodies
consist of allochthonous salt. However, as we argue in Section 8.4,
we interpret that these sheets and canopies were emplaced during
growth of the salt diapirs rather than during salt deposition.7.2.2. Moderately inclined-to-recumbent synclines
The near-isoclinal, moderately inclined-to-recumbent synclines
are found in all the complex salt walls (Fig. 9). These synclines al-
ways underlie the allochthonous salt sheets and canopies, and their
hinges are ﬂanked by steeper intrasalt feeders (Figs. 9 and 11). Thus
we interpret these synclines to be overturned ﬂaps related to the
rise and breakout of an intrasalt allochthonous sheet of lower-A1.
These structures are geometrically comparable, if not scale equiv-
alent to, overturned ﬂaps in subsalt strata below allochthonous salt
bodies in the Gulf of Mexico (Hudec and Jackson, 2006, 2009),
Yemen (Davison et al., 1996), France (Graham et al., 2012), Germany
(Schachl, 1987), Mexico (Giles and Lawton, 2002; Rowan et al.,
2003), Australia (Kernan et al., 2012; Hearon et al., 2015) and
Israel (Alsop et al., 2015), as well as to salt sheets generated in
physical models (e.g., Dooley et al., 2009, 2015a). The ﬂaps in the
Santos Basin differ from these natural and model examples in that
they are found within diapiric salt rather than within ﬂanking
country rock.7.2.3. Upright symmetrical folds
The upright symmetrical folds have no consistent trend or
spatial relationship with the wall orientation or the trend of the
internal upright anticlines related to initial diapir inﬂation.
Furthermore, the age of these folds is uncertain. For these reasons,
the origin of the intrasalt upright symmetrical folds is uncertain.
Possible origins are: (i) simple buoyancy-driven intrasalt diapirism
during growth of the larger diapirs containing them; or (ii) buckling
in response to regional shortening within the salt.7.2.4. Reverse shear zones
In contrast to the upright symmetrical folds, the reverse sense
shear zones provide unequivocal evidence for shortening. Local
continuation of these shear zones into ﬂanking minibasin strata
indicates that most but not all of the shortening was accommo-
dated by diapir squeezing. We further explore the timing of shear-
zone formation and regional shortening in Section 8.Fig. 10. Time-migrated seismicereﬂection proﬁles illustrating upright internal anticlines (wh
line drawing illstrating the intrasalt structure, based on a depth-converted seismic proﬁle (V
drawing illustrating the intrasalt structure, based on a depth-converted seismic proﬁle (VE
labelled, as are the intrasalt units (A1e4) (see Fig. 3 for the ages of these horizons and Fig. 4 f
line is an intra-A1 seismic horizon that allows the unit to be subdivided into lower and up8. Discussion
8.1. Initiation of salt structures
Before interpreting the origin and kinematics of the complex
intrasalt structures, we ﬁrst discuss the origin of the internal
anticlines, which form the dominant intrasalt structures on the
S~ao Paulo Plateau. Salt ﬂow to form internal anticlines could be
due to reactive or passive diapirism, shortening, or a combina-
tion of these mechanisms. We can assess the relative roles of
these mechanisms by considering overburden geometry and
thickness, and its seismicestratigraphic relationship with un-
derlying salt. Many of the complex diapirs are overlain by
broadly isopachous Albian overburden that drapes the diapir
ﬂank and which is deformed by an array of inward-dipping
normal faults near the crest (e.g. western diapir in Fig. 10A;
western margin of diapir in Fig. 11D; eastern margin of diapir in
Fig. 11C; see also Fig. 13A). Some of these salt walls have trian-
gular proﬁles at their low-relief ends (Fig. 10A). These geometries
are consistant with salt ﬂow triggered by reactive diapirism
(Vendeville and Jackson, 1992). Reactive diapirism, triggered by
broadly dip-parallel (WNW-ESE-to-NW-SE) extension of over-
burden, could have formed the broadly NE-SW-elongate walls
that prevail in the central and eastern Sao Paulo Plataeu (Fig. 5).
In contrast, some diapirs, particularly those outside the domain
of complex diapirs, have Albian (and younger) strata that pro-
gressively thin towards and onlap as diapir ﬂanks (Fig. 7B);
normal faults are absent. These geometries are consistant with
passive rather than reactive diapirism (Nelson, 1989; Vendeville
and Jackson, 1982; Hudec and Jackson, 2007). However, a thor-
ough analysis of triggering mechanisms is beyond the scope of
this paper. Whatever the trigger, ﬂow of salt formed diapirs and
thinned salt beneath ﬂanking minibasins.
Almost all previous studies infer that, on the distal S~ao Paulo
Plateau, salt tectonics in general and intrasalt deformation in
particular resulted from regional shortening of seaward-ﬂowing
salt during the Late Cretaceous. For example, Cobbold et al.
(1995) use 2D seismic reﬂection proﬁles to argue that the
following features are diagnostic of shortening in the Santos Basin:
(i) salt tongues in reverse shear zones; (ii) triangular depocentres
(in cross section) bound by asymmetrical salt diapirs or basinward-
verging salt tongues; (iii) angular and concentric folds in layered
evaporites (see A2e4, Fig. 8); and (iv) progressive upward increase
in fold wavelength in overburden. Furthermore, strain partitioning
shows that poorly reﬂective lower evaporites, equivalent our A1,
appear to have ﬂowed into the cores of folds, whereas overlying
layered evaporites, equivalent to our A2e4, are broadly isopachous
(cf. Figs. 7 and 10), suggesting that salt ﬂow and related deforma-
tion occurred after salt deposition (i.e., post-Aptian, in contrast to
Gamboa et al., 2008; Davison et al., 2012). Guerra and Underhill
(2012) use 2D and 3D seismic reﬂection data to expand the con-
cepts of Cobbold et al. (1995), arguing that intrasalt deformation on
the S~ao Paulo Plateau resulted from downdip salt ﬂow and regional
shortening caused by thin-skinned gliding and/or spreading within
a kinematically linked system they called the “Ilha Grande Gravi-
tational Cell” (Fig. 2A). They suggest that the complex pattern of salt
structures and minibasins is related to diachronous, gravity-
spreading, noncoaxial shortening caused by a switch in sedimentite dashed line shows axial trace). (A) Northern end of Liam (Fig. 9B); below is a simple
E ¼ 1:1). (B) Southern end of Jimi (Fig. 9C); see Data Repository Item 2c for a simple line
¼ 1:1). The key salt (BS and TS) and overburden (TA and OS1e3) seismic horizons are
or the composition of intrasalt units). Intrasalt unit A1 is shaded pink. The black dashed
per subunits. Vertical exaggeration (VE) is shown on the proﬁles.
Fig. 11. Time-migrated seismic reﬂection proﬁles illustrating intrasalt feeders, sheets and canopies, and synclinal ﬂaps (red dashed line shows axial trace). (A) Martin (Fig. 9A);
below is a simple line drawing illstrating the intrasalt structure, based on a depth-converted seismic proﬁle (VE ¼ 1:1). (B) Martin (Fig. 9A); see Data Repository Item 2d for a simple
line drawing illustrating the intrasalt structure, based on a depth-converted seismic proﬁle (VE ¼ 1:1). (C) Freddie (Fig. 9D); below is a simple line drawing illstrating the intrasalt
structure, based on a depth-converted seismic proﬁle (VE ¼ 1:1). (D) Jimi (Fig. 9C); below is a simple line drawing illstrating the intrasalt structure, based on a depth-converted
seismic proﬁle (VE ¼ 1:1). (E) Jimi (Fig. 9C); see Data Repository Item 2e for a simple line drawing illustrating the intrasalt structure, based on a depth-converted seismic proﬁle
(VE ¼ 1:1). (F) Liam (Fig. 9B). (G) Liam (Fig. 9B); below is a simple line drawing illstrating the intrasalt structure, based on a depth-converted seismic proﬁle (VE ¼ 1:1). F ¼ feeder;
S ¼ sheet. See Fig. 5B for spatial context of diapirs. Vertical exaggeration (VE) is shown on the proﬁles.
C.A.-L. Jackson et al. / Journal of Structural Geology 75 (2015) 135e162152input and the direction of sedimentary topographic loading (sensu
Hudec et al., 2009).
Based on their 3D seismic reﬂectionebased study on the
southern S~ao Paulo Plateau, Fiduk and Rowan (2012) conclude thatintrasalt deformation was primarily caused by basinward ﬂow and
bulk shortening of the evaporites, although they recognised it is
difﬁcult to determine if this occurred by thin-skinned extension
(Cobbold and Szatmari, 1991; Demercian et al., 1993; Cobbold et al.,
Fig. 11. (continued).
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loading (Szatmari et al., 1996; Ge et al., 1997; Gemmer et al., 2005),
or salt drainage (Davison et al., 2012; Quirk et al., 2012). Fiduk and
Rowan (2012) suggest that the dominance of noncoaxial defor-
mation patterns within and between structures, may reﬂect
convergent gliding or spreading of the overburden (ﬁrst inferred by
Cobbold and Szatmari, 1991; Demercian et al., 1993), perhapsaugmented by a change in the direction of shortening (see also
Guerra and Underhill, 2012). One or more of these processes could
have formed transpressional structures having curvilinear fold
shapes, especially if salt ﬂowed in different directions at different
rates. Davison et al. (2012) and Quirk et al. (2012) also invoke
regional shortening as the trigger for intrasalt deformation on the
S~ao Paulo Plateau. However, unlike the above authors, they
Fig. 11. (continued).
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Fig. 11. (continued).
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during salt deposition as salt drained seawards before the over-
burden was deposited.
Regional intrasalt shortening can indeed explain the growth of
several types of structure on the S~ao Paulo Plateau and this is most
clearly expressed in the form of Late Cretaceous-to-Palaeocene salt-
cored anticlines (e.g. Figs. 5 and 8). These contractional structures
occur in two areas; at the eastern and western margins of the S~ao
Paulo Plateau (i.e. the Inner and Outer fold belts; Fig. 5B), and be-
tween complex walls on the south-central part of the plateau.
Where developed in distinct fold belts, salt anticlines are up to
40 km long and invariably trend NE, normal to the overall south-
eastward slope of the margin. The style and orientation of salt
anticlines in the fold belts are thus entirely consistent with for-
mation as part of a gravity-driven fold belt. In contrast, salt anti-
clines between the complex walls are relatively short (typically
<10 km) and display highly variable trends, thus regional SE-
directed shortening cannot readily account for the formation of
these structures. Regional shortening cannot account for the for-
mation of NW-trending salt walls either because: (i) they trend
normal to the postulated shortening direction; and (ii) as argued
above, these structures are diapiric and initiated during as passive
or reactive structures during the Albian or Cenomanian, before
witnessing protracted growth through the Late Cretaceous. We
argue that convergent gravity gliding (Fiduk and Rowan, 2012) is
implausible because the structures lie opposite a fairly straight part
of the continental margin (Fig. 2A).
In conclusion, although shortening undoubtedly played a role in
the rise of at least some salt walls, the far-ﬁeld causes, precise
timing, and number of folding events is unresolved. In the next
section we tackle this uncertainty and evaluate: (i) the timing of
intrasalt deformation with respect to other structural and strati-
graphic events; (ii) the distribution of salt walls that containcomplex internal deformation versus those that do not; and (iii) the
orientation of salt walls that contain complex internal deformation
versus those that do not, and the orientation of structures within
complex salt walls.
8.1.1. Age of intrasalt deformation
Constraining the age of the intrasalt structures with respect to
regional structural or stratigraphic events is difﬁcult because most
of the structures are contained entirely within salt and lack intra-
salt synkinematic strata. However, at least two parts of the complex
intrasalt assemblage can be dated.
First, the internal anticlines are inherently the same age as the
salt walls, which grew primarily during the Late Cretaceous-to-
Palaeocene although, locally, as described above, earlier (Albian)
passive growth is recorded by onlap of Albian strata onto their
ﬂanks of the walls. These anticlines are not part of the complex
intrasalt assemblage but are along strike to this assemblage near
the ends of the salt walls. Allochthonous salt bodies and overturned
ﬂaps dominate the high-relief wall centres, and simple inﬂation-
related anticlines are preserved at the lower-relief wall ends
(Jackson et al., 2014). This link between diapir relief and structural
complexity could imply that the simple anticlines formed during
early diapir inﬂation and that the more complex intrasalt anticlines
formed later when the diapir had more signiﬁcant relief. In this
hypothesis the internal anticlines originally continued along the
lengths of the walls, albeit overlain by intrasalt sheets at the wall
culminations. If so, the complex assemblage would have formed
after the internal anticlines, most likely during the Palaeocene. An
alternative interpretation is that the simple and complex styles are
laterally equivalent, rather than different stages of evolution, and
thus are of broadly similar age. In either case, the complex
assemblage of intrasalt structures formed no earlier than the Late
Cretaceous.
Fig. 12. Time-migrated seismic reﬂection proﬁles illustrating upright symmetric folds (solid black line shows axial trace) at the base of salt walls. (A) Axl (Fig. 9E); see Data
Repository Item 2f for a simple line drawing illustrating the intrasalt structure, based on a depth-converted seismic proﬁle (VE ¼ 1:1). (B) Freddie (Fig. 9D); below is a simple
line drawing illstrating the intrasalt structure, based on a depth-converted seismic proﬁle (VE ¼ 1:1). Vertical exaggeration (VE) is shown on the proﬁles.
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Fig. 13. Time-migrated seismic reﬂection proﬁles illustrating intrasalt reverse shear zones. (A) Freddie (Fig. 9D); below is a simple line drawing illstrating the intrasalt structure,
based on a depth-converted seismic proﬁle (VE ¼ 1:1). (B) Liam (Fig. 9B); see Data Repository Item 2g for a simple line drawing illustrating the intrasalt structure, based on a depth-
converted seismic proﬁle (VE ¼ 1:1). Vertical exaggeration (VE) is shown on the proﬁles.
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limbs of the internal anticlines within the diapirs and are thus the
same age or younger than the folding (Fig. 13B). Where shear zones
continue outside the walls into ﬂanking minibasins, overlying
growth folds are onlapped by Upper Cretaceous-to-Palaeocene
strata, indicating that the intrasalt shear zones and possibly the
anticlines, formed during the Late Cretaceous to Palaeocene (Fig. 8)
(Jackson et al., 2014).
The above observations suggest that most salt walls and the
shear zones that dissect their internal structures formed during the
Late Cretaceous-to-Palaeocene although earlier (Albian) passive
growth is locally recorded. If these ages are correct, these structures
are too young to be the downdip contractional equivalent of the
thin-skinned, Albian extensional structures along the basin margin.
Only if the Albian Gap formed by post-Albian extension could it
drive contractional growth of salt walls in our study area (as
advocated by Cobbold et al., 1995; Fiduk and Rowan, 2012; Guerra
and Underhill, 2012; Quirk et al., 2012).
8.1.2. Location and dimensions of complex diapirs
Complex structures are developed in only a few diapirs on the
S~ao Paulo Plateau. Furthermore, these diapirs are located in a
relatively small area (Fig. 5B). If regional shortening occurred it is
unlikely that only a few diapirs, located in the midst of an array of
structurally simple diapirs, would be squeezed to a greater degree,
although such a scenario could conceivably be explained by infer-
ring special conditions, such as steps in the base of salt or changes
in topographic slope during shortening. The complex diapirs are
located in a domain of relatively low shortening strain, being
ﬂanked landward and seaward by the Inner and Outer S~ao Paulo
fold belts, where shortening is greater (Fig. 5B). Signiﬁcantly, the
shape and dimension of the complex diapirs are similar to diapirs
that lack complex internal structures, suggesting they have not
been preferentially squeezed (compare diapirs in Fig. 5AeC with
those in Figs. 7 and 11) and that shortening alone is not a valid
explanation for the complex structures.
8.1.3. Geometry and orientation of salt walls and intrasalt
structures
Salt walls characterised by complex internal deformation have
trends (e.g., N-to-NE) similar to those having simple internal anti-
clines (Fig. 5B). This suggests that intrasalt deformation was not a
function of wall orientation with respect to any postulated short-
ening direction. Regional shortening, driven by broadly SE-directed
gliding or spreading, should lead to coaxial deformation and for-
mation of broadly NE-trending salt and intrasalt structures. How-
ever, intrasalt deformation is strongly noncoaxial, as shown by the
presence of near-isoclinal, recumbent folds that have different
trends and curved hinges (cf. Fiduk and Rowan, 2012). Strongly
non-coxial deformation could have been driven by a change in the
direction of sediment supply, salt loading and spreading during the
early Palaeogene (Modica and Brush, 2004; Guerra and Underhill,
2012), although this does not explain why structures landward of
the complex diapirs were “bypassed” and are not internally
deformed.
8.2. Revised interpretationdRayleigheTaylor overturn during
passive diapirism
Although shortening-related squeezing of mature diapirs can
lead to high levels of intrasalt strain (e.g., Dooley et al., 2009),
passive diapirism in the absence of regional shortening can also
result in large-magnitude, three-dimensionally complex strains
(Talbot and Jackson, 1987; Jackson and Talbot, 1989; Geluk, 1998;
Brun and Mauduit, 2009; Van Gent et al., 2011; Strozyk et al.,2012). We thus propose a new hypothesis for the origin of com-
plex intrasalt structures on the S~ao Paulo Plateau, which envisages
RayleigheTaylor density-driven overturn within the evaporite
sequence during diapir growth. We discuss this process using the
same criteria with which we critiqued the role of shortening in
Section 8.2.
8.2.1. Age of intrasalt deformation
We argued above that Albian thin-skinned extension in the
proximal domain occurred before most of the complex intrasalt
deformation on the distal part of the S~ao Paulo Plateau indicating
that kinematically linked regional shortening of this age cannot
have triggered the observed deformation. For the RayleigheTaylor
overturn model outlined below, however, intrasalt deformation
need not have coincided with any external deformational events.
8.2.2. Distribution of complex diapirs
We note that the complex diapirs are located where a density
inversion is now present within the source salt layer. Borehole data
indicate that intrasalt units A2, A3, and A4 are collectively denser
than A1, principally because of the presence of relatively thick
(50e235 m), dense anhydrite layers in A2 (Fig. 6 and Table 1) (see
also Jackson et al., 2014; Dooley et al. 2015b). Elsewhere on the S~ao
Paulo Plateau, this density inversion is not observed. This argues
that the existence of the complex intrasalt deformation is a func-
tion of density structure of the salt layer, rather than a product of
some complex, polyphase, far-ﬁeld deformation events.
8.3. Kinematic model for the origin of complex diapirs
Based on our interpretation of the kinematic and temporal link
between the various intrasalt structures, and the spatial relation-
ship of the complex diapirs to the density inversion within the
autochthonous salt layer, we propose the following ﬁve-stage
evolution (Fig. 14) to explain the formation and growth of both
the simple and complex diapirs:
Stage 1dInitial diapir growth was triggered by cover extension
(reactive diapirism) or differential sedimentary loading (passive
diapirism). Irrespective of the cause, initial growth resulted in the
formation of an upright internal anticline, which is the funda-
mental structural style associated with the growth of a salt wall,
simply reﬂecting inward salt ﬂow and wall ampliﬁcation. Lower-A1
halite ﬂowed into the growing structure, with layered evaporites of
A2eA4 being folded, stretched and thinned at the diapir crest
(Fig. 14B).
Stage 2dDiapirism continued and, after the diapir had reached a
critical height, a series of tensile fractures began to develop in
brittle, anhydrite-rich layers (i.e., upper-A1eA3) either at the crest
or, as shown in Fig. 11B, on one limb of the internal anticline.
Eventually, these fractures linked to form a throughgoing network
that hydraulically connected lower-A1 halite and halite-rich and
potash-rich deposits in A3 and A4. Loading of buoyant, mobile
lower-A1 halite by denser, more anhydrite-rich, A2eA4 layered
evaporites caused the lower-A1 halite to ascend through the frac-
ture network into the upper part of the diapir. The position of the
fractured breach dictated the feeder location and degree of asym-
metry of the overlying sheet. For example, where the breach was at
the diapir crest, the feeder was located centrally and supplied a
symmetrical sheet (e.g. Freddie; Fig. 11C), whereas a breach on the
diapir limb was located away from the wall axis and supplied a
strongly asymmetrical sheet (e.g. Jimi, Liam and Martin; Figs. 11A
and D-G; Fig. 11B).
Stage 3dBuoyancy drove mobile A1 halite through the
dismembered higher levels of evaporites, and an allochthonous salt
sheet (where one discrete feeder formed, e.g., Liam) or canopy
Fig. 14. Schematic ﬁve-stage evolution illustrating our kinematic model for diapir growth and the complex intrasalt structures in density-stratiﬁed, layered evaporites on the S~ao
Paulo Plateau, Santos Basin. For simplicity, the diapir is shown as growing passively, A1 is not subdivided into “lower” and “upper” subunits, and small upright anticlines are not
shown. A solitary feeder and sheet are shown (e.g., Liam, Fig. 9B), although multiple feeders can feed a canopy in some diapirs (e.g., Jimi, Fig. 9C). F ¼ feeder; S ¼ sheet. White dashed
line ¼ axial trace of internal anticline; red dashed line ¼ axial trace of inclined-to-recumbent synclines; black dashed line ¼ arbitrary marker horizons in A2 and A3. Stratigraphic
nomenclature is the same as in Figs. 3 and 9e13. Not to scale.
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forcibly intruded into the upper part of the wall; breakout of the
lower-A1esourced sheets above A2 resulted in near-isoclinal
folding of upper-A1, A2, and A3 directly beneath the feedere-
sheet transition. We speculate that sheet emplacement wasfacilitated by lower-A1 halite forcing aside mobile halite- and
potash-rich units in A3 and A4.
Stage 4dPassive diapirism, ascent of mobile lower-A1 halite,
and growth of the allochthonous salt body occurred. The ﬂow of
lower-A1 halite into the shallow-level allochthonous body depleted
C.A.-L. Jackson et al. / Journal of Structural Geology 75 (2015) 135e162160the core of the ancestral upright internal anticline, causing it to
founder and be left as a relic inside the wall. This interpretation
implies that the larger, upright, subsheet anticlines were originally
connected to the internal anticlines at the wall ends. Subsequent
deformation linked to sheet emplacement and fold foundering
resulted in the ancestral internal anticline hinges having variable
trends. Furthermore, we interpret that the largely undeformed
panels of layered evaporites that extend up to the wall crest are
relict limbs of the breached internal anticlines that subsequently
foundered towards the wall base.
Stage 5d Regional shortening resulted in diapir squeezing; this
does not preclude earlier episodes of shortening, but it was during
our Stage 5 that the imprint of shortening is clearest. Upright an-
ticlines in structurally simple diapirs were tightened and, locally,
intrasalt shear zones dissected their limbs. Owing to the abundance
of superposed deformation, the expression of shortening is more
cryptic in the centre of complex walls. The major fold belts along
the seaward periphery of the S~ao Paulo Plateau, generally trend NE,
suggesting they formed in response to SE-directed shortening.
However, the variable trends of the intrasalt shear zones and
intracover thrusts, especially within and between closely spaced
diapirs in the south-central part of the plateau, suggest causal
stresseswere locally reoriented and focused onto the diapirs, which
were weaker than sediments in ﬂanking minibasins. Diapir
squeezing was focused on the intrasalt feeders, an observation that
has also been made in physical models, where squeezed feeders
supply salt to allochthonous salt extruded onto country rock
(Dooley et al., 2015a). Squeezing of intrasalt feeders may have
driven continued inﬂation of the lower-A1efed sheet/canopy.
Our new kinematic model, based on predominantly vertical salt
tectonics, augmented by RayleigheTaylor density-driven overturn
within the salt, can explain why although complex diapirs have
trends similar to simple diapirs; their internal structures differ
greatly because the former grew in the presence of a density
inversion in the source layer. The model also explains why non-
coaxial deformation is common within diapirs; this is the natural
consequence of complex 3D salt ﬂow driven by the fundamental
process of passive diapirism augmented by density-driven Ray-
leigheTaylor overturn.
An obvious question is “How much of a density inversion is
necessary to drive RayleigheTaylor instability?”. Because salt has
effectively no yield strength, even the slightest density contrast al-
lows it to ﬂow. The strength of the stiffer evaporite interbeds, which
is related to their thickness and lithology, would impede Ray-
leigheTaylor overturn as long as the interbeds remain intact.
However, as shown by the numerical models of Albertz and Ings
(2012), once a stiff layer is breachedbyboudinage in a rising intrasalt
diapir, more-mobile salt can rise unimpeded through the breach.
Another pertinent question is “to what extent the density inversion
recorded by boreholes reﬂects the original density structure of the
autochthonous salt sequence?”. Clearly the wide variations in
thickness of the evaporite units point to extensive redistribution of
the most mobile interbeds. More-mobile halite-rich A1 evaporites
would be preferentially expelled into the growing salt structures
(Kupfer, 1968; Wagner and Jackson, 2011; Albertz and Ings, 2012;
Cartwright et al., 2012; Jackson et al., 2014b). Expulsion would
reduce the density contrast within the sequence, so the Santos
density contrast could have been higher in the past, thus making
Rayleigh-Taylor overturn more likely in the past than the present,
which supports the hypothesis presented here.
In a companionpaper, Dooleyet al. (2015b) use physicalmodels to
explore the mechanical feasibility of our kinematic model, and to
explain the temporal and spatial relationship between intrasalt
structures. In particular, they illustrate the role that Rayleigh-Taylor
density-driven overturn may play in the growth of salt walls havingan intrasalt density inversion. They further assess the possible
contribution that shortening had in forming complex intrasalt
structures and how allochthonous salt could have been emplaced
within salt walls, highlighting the role of intrasalt rheology.
9. Conclusions
3D seismic reﬂection and borehole data from the S~ao Paulo
Plateau, Santos Basin, offshore Brazil, documents the variability in
intrasalt structural style in salt walls. Detailed mapping of layered
evaporites in theupper partof anautochthonous salt layer allowedus
to provide a detailed, systematic description of the internal structure
of numerous salt walls, leading to the following conclusions.
1. Simple, upright, internal anticlines are the most common
intrasalt structure on the S~ao Paulo Plateau, forming in response
to the inward ﬂow, thickening and rise of salt within diapirs. Salt
was principally sourced from halite-rich evaporites in the basal
part of the autochthonous layer (lower-A1).
2. On a relatively small part of the south-central margin of the S~ao
Paulo Plateau, several diapirs contain a range of complex and
spectacularly well-imaged intrasalt structures, including (i)
poorly reﬂective, chaotic, sheetlike bodies in the top of the di-
apirs, which are underlain by and physically linked to poorly
reﬂective, subvertical zones; (ii) moderately inclined-to-
recumbent synclines below the sheetlike bodies, which are
ﬂanked by the subvertical zones; these folds face outward to-
ward and trend parallel to the salt-wall contact; (iii) small up-
right folds at the base of the walls; and (iv) reverse shear zones.
Simple internal anticlines also occur in this area, but only at the
lateral, low-relief ends of the walls, passing along strike into
more complex structural styles where wall relief is greatest.
3. We interpret that these structures document three main pro-
cesses: (i) rise of lower mobile halite (lower-A1) through an
arched and structurally thinned roof of slightly denser layered
evaporites (lower A1eA4), and emplacement of an intrasalt
sheet or canopy (poorly reﬂective horizontal sheetlike bodies)
fed by single or multiple feeders (poorly reﬂective subvertical
zones); (ii) folding and formation of overturned synclinal ﬂaps
in the form of moderately inclined-to-recumbent synclines
kinematically linked to salt breakout, and emplacement of
intrasalt allochthonous bodies; and (iii) diapir squeezing,
forming reverse shear zones and potentially small upright folds.
4. Complex diapirs are restricted to an area that borehole data
indicate is characterised by a density inversion within the
autochthonous salt (upper, anhydrite-rich layered evaporites of
lower-A1eA4 are collectively denser than lower, more halite-
rich evaporites of lower-A1). Outside this area, across most of
the S~ao Paulo Plateau, there is no density inversion, and diapirs
contain only simple internal anticlines.
5. Most diapirs initially rose via growth of internal anticlines, but
locally, where a density inversion existed in the autochthonous
salt, Rayleigh-Tayloredriven density overturn occurred within
the growing diapir. During this overturn, less-dense evaporites
rose into the diapir crest and formed allochthonous bodies and
breakout-related ﬂaps. This conclusion is based on: (i) the
alongestrike transition from simple to complex structural
styles, which appears to be linked to diapir relief and thus
maturity; and (ii) the spatial relationship between complex di-
apirs and inverted density in the autochthonous salt
6. Intrasalt and intra-minibasin reverse shear zones and buckle
folds record late-stage regional shortening on the S~ao Paulo
Plateau. However, we conclude that shortening alone is unable
to account for the timing, distribution, and style of most of the
complex intrasalt structures. Because much of the intrasalt
C.A.-L. Jackson et al. / Journal of Structural Geology 75 (2015) 135e162 161folding occurred during passive diapir rise, complex intrasalt
structuresmay thus not be diagnostic of regional shortening and
should be examined with caution when being used constrain
structural restorations in salt basins.
7. We have shown that 3D seismic reﬂection data provide far
greater spatial sampling of salt bodies than do mines or typical
ﬁeld exposures and have revealed, arguably for the ﬁrst time,
the internal kinematics of a suite of large salt walls. Our kine-
matic model is based an analysis of salt walls in the Santos Basin,
but it may be more widely applicable to other salt-bearing
sedimentary basins. The internal structures documented here
may be discovered elsewhere, and similar studies using 3D
seismic reﬂection data could be proﬁtably applied in other areas
of thick, layered evaporites (e.g., Red Sea, Kwanza Basin, Central
North Sea, Barents Sea).
Data Repository Item 1. Uninterpreted versions of seismic pro-
ﬁles shown in (a) Fig. 7; (b) Fig. 8; (c) Fig. 10; (d) Figs. 11AeC; (e)
Figs. 11DeG; (f) Fig. 12; and (g) Fig. 13.
Data Repository Item 2. Line drawings illustrating intrasalt
deformation; these are based on depth-converted, VE ¼ 1:1 ver-
sions of seismic proﬁles shown in: (a) Fig. 7; (b) Fig. 8; (c) Fig.10; (d)
Figs. 11AeC; (e) Figs. 11DeG; (f) Fig. 12; and (g) Fig. 13. Depth
conversion was based on the following interval velocities: (i)
seawater ¼ 1500 m s1; (ii) overburden ¼ 3000 m s1;
salt ¼ 4500 m s1.Acknowledgements
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